Delineating common and separable neural alterations in substance use disorders (SUD) is imperative to understand the neurobiological basis of the addictive process and to inform substance-specific treatment strategies. Given numerous functional MRI (fMRI) studies in different SUDs, meta-analysis could provide an opportunity to determine robust shared and substance-specific alterations. The present study employed a coordinate-based meta-analysis covering fMRI studies in individuals with addictive cocaine, cannabis, alcohol, and nicotine use.
Introduction
Problematic use of illicit and licit drugs and substance use disorders represent a major challenge for society, in terms of individual suffering and socio-economic costs [1] - [3] . Substance use disorders are estimated to contribute to 20% to the world mental illness [4] and recent large scale surveys estimate that worldwide over 35 million people fulfill the criteria for a substance use disorder [5] . Disorders related to alcohol, nicotine, stimulant (e.g. cocaine), and cannabis use are among the most prevalent. Despite increasing treatment demand for problematic use of these substances [6] treatment options still remain limited and of moderate efficacy [7] .
Based on animal models and human neuroimaging research substance use disorders, particularly addiction as a common pathological endpoint, has been reconceptualized as a chronic relapsing disorder of the brain that is characterized by a preoccupation with drug-seeking and taking, compulsive use, loss of behavioral control, and withdrawal (DSM-V). On the neural level, the transition from volitional use to problematic and ultimately compulsive use is driven by progressive dysregulations in the brain's motivational and cognitive circuits, particularly the striato-frontal circuits engaged in incentive salience and reward processing, habit formation, and executive control [8] - [10] .
Based on early animal studies demonstrating that the acute reinforcing effects of all drugs of potential abuse increase dopamine in the terminal regions of the mesocorticostriatal system including the ventral striatum [11] -which with repeated use may drive dysregulations in incentive salience and habit formation [9] , [12] -most research emphasizes the common neuropathological endpoints across substances and substance use disorders. In line with animal models demonstrating that neuroplastic changes in the striatum mediate exaggerated salience to drug cues at the expense of natural rewards and habitual responses to cues repeatedly paired with the drug [13] , exaggerated striatal drug cue reactivity and blunted striatal processing of non-drug rewards has been demonstrated in functional MRI studies in human drug users with regular and addictive use of different substances [14] - [18] . However, despite convergent evidence for striatal maladaptation across different substance use disorders, substance-specific predisposing factors [19] - [22] and addiction-related alterations have been increasingly recognized, such that frontal regions have been found to be differentially impacted by stimulant or opioid use [23] and neurocognitive deficits in domains associated with striato-frontal circuits such as inhibitory control and cognitive flexibility have been found to be differentially impacted by alcohol, stimulants, and cannabis [24] , [25] . Further evidence for substance use disorder-specific brain alterations comes from a recent qualitative review suggesting that different addictions may be associated with alterations in distinct brain systems and particularly alterations in frontal regions appear to be substance-specific [26] .
The differences might result from common versus substance-specific predisposing factors that render individuals vulnerable to develop escalation of use in general versus for a particular substance [27] . Furthermore, differences in the neurobiological effects of the substances may arise from the specific neurotoxic profiles and neurotransmitter systems. In addition, the substances engage different primary neurotransmitter systems [28] , which is related to transmitter systemspecific neuroadaptations for long term users. Also, the acute rewarding effects of all substances engage the dopamine system leading to the down-regulation of dopamine receptors [8] for chronic users. The acute effects of cannabis are mediated by the endocannabinoid system and regionalspecific downregulation of the cannabinoid CB1 receptor [29] , the acute effects of nicotine are primarily mediated by its stimulatory effects on neuronal nicotinic acetylcholine receptors (nAChRs) and long-term nicotine exposure leads to neuroplastic adaptations in nACh receptor expression [30] , [31] , and the acute effects of cocaine are primarily mediated by effects on the dopamine system and marked neuroplastic changes of striatal dopamine receptors have been consistently reported in cocaine use disorder [32] , [33] .
Despite emerging evidence for common but also substance-specific neurobiological alterations, most previous research emphasized common pathological pathways. Although the determination of common pathways of addiction may promote the development of general treatment approaches, the identification of substance-specific neurobiological mechanisms is essential to further enhance our understanding of predisposing factors and to develop specialized treatment options. To address common limitations of single studies such as low sample size, study-specific characteristics of the sample and inclusion of one substance only, the present study employed a meta-analytic approach covering previous task fMRI studies on alcohol, cannabis, cocaine, and nicotine substance use disorder to determine common and disorder-specific neural alterations. To this end, we conducted a quantitative coordinate-based meta-analysis (CBMA) covering previous fMRI studies in substance use populations employing whole-brain foci from the studies selected according to our inclusion criteria. The CBMA approach was preferred to other methods like image-based meta-analysis because it takes advantage of the published coordinates, and quantitatively provides a summary of the presented results under the specific research question, while the latter approach is limited by the availability of whole-brain images (most studies rarely share their statistical images).. We first conducted a main ALE analysis to determine core regions that neurally underpin substance use disorders across substances. This was followed by sub-metaanalyses employing substance-specific subtraction and conjunction analysis to further specify common and substance-specific neural alterations as well as functional domain-specific alterations for reward and cognitive processes. Based on previous animal models and human imaging research, we hypothesized common alterations in striatal systems engaged in reward/motivation (ventral striatum) and habit formation (dorsal striatum) as well as partly dissociable effects on frontal systems engaged in executive control and behavioral regulation. Moreover, we examined whether the observed substance-specific alterations are driven by an interaction between the substance used and the class of task paradigms employed.
Methods

Literature selection
We obtained articles including four kinds of substances that are regularly abused namely cocaine, cannabis, alcohol, and nicotine (cigarettes or tobacco). Utilizing Scopus, PubMed, and Web of Science, peer-reviewed studies published between 1 st January 2000 and 1 st November 2019 were collected using the following search terms; "Alcohol" OR "Cocaine" OR "Cannabis" OR "Nicotine/Tobacco/cigarette "AND "Functional magnetic resonance imaging" OR "fMRI". The reference list of the selected articles was inspected separately. We targeted articles that reported:
whole-brain coordinates either in the main paper or supplementary material with stereoscope coordinates in either Talairach or MNI (Montreal Neurological Institute) space, comparisons between healthy controls and patients with substance dependency or heavy usage. The exclusion criteria were as follows: 1. Articles reporting only region-of-interest (ROI) results (if the study additionally reported whole-brain corrected findings these were included), 2. Articles with polydrug users and high comorbidities with psychiatric or somatic disorders (e.g. schizophrenia or HIV), 3. Articles focusing on parental exposure, and 4. Articles reporting results from the exact same dataset from previous studies. The breakdown of article screening and exclusion for the main and sub-meta-analysis is shown in Figure 1 .
In total, 99 studies comprising 2763 reported foci were finally included in the meta-analysis.
Articles included active as well as abstinent drug-using samples. To address the influence of age differences between the pairs of studies, we conducted a chi-square test using the Yates correction at p<0.05.
Study approach: Activation likelihood estimation (ALE)
Here, we used a two-step approach (1) to establish common brain regions that demonstrate brain functional alterations in substance use disorders, and (2) to investigate whether common regions are experimentally driven or solely by the effect of the drug in the studies.
We performed the coordinate-based analysis using the GingerALE 3.0.2 command-line version [34] - [36] , to compute 1. Individual ALE for direct comparison 2. Subtraction and conjunction between pairs of studies. In each step of the analysis, all foci in MNI were converted to Talairach space. Also, to address the spatial uncertainty linked to the foci, the three-dimensional Gaussian probability distribution was applied to centers of the coordinates and images derived from the foci for all experiments obtained as modeled activation (MA). It is worth noting that ALE tries to find a strong agreement between the included experiments. This is achieved by computing the union between the generated maps while taking into account the disparities between true activation and noise. Cluster-level Family-wise error (cluster-FWE) [37] correction was applied to the ALE results to account for multiple comparisons. The ALE maps were initially thresholded using the uncorrected cluster forming p <0.001 and cluster-level threshold p<0.05.
Step 1: Direct comparison of ALEs in individual studies
We computed single group ALE analysis for the four substances, using the parameters described above. Coordinates from each substance group were combined as one study before computing the ALE. This was done to ascertain the overall maximum activations across the SUD.
Step 2: Subtraction and conjunction analysis between pairs of studies.
We examined differences and overlaps between all six pairs of substances. The comparisons were done without specific a priori hypotheses (although co-use of the substances is often reported in research, (see [38] )) in the following manner: cannabis versus cocaine, alcohol versus cocaine, alcohol versus cannabis, cannabis versus nicotine, cocaine versus nicotine, and nicotine versus alcohol. ALE analysis for individual substance groups was conducted first. The pooled foci were further used to compute the cluster-level FWE corrected maps and subsequently to obtain ALE images. Furthermore, we conducted a subtraction analysis to obtain the differences in ALE between the substance groups. In all of the results, clusters of brain regions were identified including the number of studies that contributed to them.
Step 3 Post-hoc analysis based on the functional domain
Based on the results in step 2, we divided pairs of studies that had conjunction (matched/overlapped pairs) activation into two categories of task paradigms that reflected distinct functional domains; that is, 'Reward' comprising the processing of reward, motivation, or anticipation and 'Cognition' with cognitive-control, behavior, and emotion tasks. This steps' primary purpose was to investigate whether the conjunctions were influenced by the experimental design or solely by the substances abused. To this end we computed whole-brain ALE firstly for all studies based on the experimental task, secondly, we grouped the studies into patient and control studies and computed the cluster ALE to ascertain the group interactions due to the type of experimental paradigms. Using the chi-square test (Yates correction), we computed the statistical independence of tasks on the overlaps. The percentage contribution to each overlapped activation was also computed by taking the tally of each experimental paradigm in the pairs. The threshold for chi-square test was p<0.05. 
Included study sample characteristics
Out of the 99 studies included in the meta-analysis, cocaine studies contributed to 30% (828) of the total foci, while cannabis, alcohol, and nicotine contributed to 23.01% (637), 27.45% (760) and 19.44% (538) respectively of the total foci analyzed, indicating a bias towards a single substance due to an imbalanced data-base. Table 1 shows the demography of the four groups of substance abuse studies and the type of experiment or task used in each study group. The combined studies yielded data from a total of 2777 substance users (mean (SD) age, 34.5 (12.05)) and 2643 control subjects (mean (SD) age, 31.63(11.63)), there was no significant difference between the age of the pairs of studies (cocaine versus cannabis " = 0.0014, cocaine and alcohol, " =0.008, cocaine and nicotine " =0.0205, cannabis, and alcohol, " =0.0123, cannabis, and nicotine, " =0.0005, alcohol, and nicotine, " =0.0049).
Combined and subtraction ALE analysis
In the combined analysis, we found that most of the activations were located in the dorsal striatum, limbic lobe, and the prefrontal cortex represented by the caudate and putamen, anterior cingulate cortex (ACC) and the inferior/superior/medial frontal gyrus (see Figure 2 , detailed coordinates forming the maximum cluster peaks for combined ALE are listed in Table 2 ). In addition, the subtraction analysis yielded significant differences between pairs of studies. The alcohol group showed greater alterations in the left middle frontal gyrus compared to the cannabis group that was mostly characterized by alterations in the right caudate, right insula, right superior frontal gyrus, and right inferior frontal gyrus. Also, nicotine associated changes were greater in the left caudate and left anterior cingulate (see Figure 3 ). The detailed list of coordinates for the subtraction analysis is shown in Supplementary Table 1 . 
ALE results for conjugation between pairs of studies
We obtained the ALE images between each pair of studies as indicated as step 2 in the method section. In the alcohol versus the cocaine group, 8 clusters were obtained from the pooled foci results; we found two clusters -one in the frontal gyrus and the other in the dorsal striatum ( Figure 4A) . Similarly, the contrast between cannabis and cocaine revealed 4 significant clusters, exhibiting an overlap of one with the striatum (dorsal) and of two clusters with the frontal lobe (Superior Frontal Gyrus and Medial Frontal Gyrus; Figure 4B ). We found no conjunction between alcohol and cannabis. The rest of the conjunctions are shown in Figure 4C -E with their details in Table 3 . 
Posthoc analysis: group-specific interaction
The group-specific interactions between SUD and controls are shown in Figures 5-7 . This analysis revealed stronger activations in the frontal lobe during cognitive tasks for SUD. In addition, SUD exhibited stronger activations in the reward system in response to reward tasks, mostly in the dorsal striatum and the frontal lobes. Supplementary Table 4 shows the details of the coordinate information. Chi-square analysis results for overlaps based on tasks are shown in Supplementary   Figure 3 . Figure 6 Conjunction analysis between individuals with substance use disorder (SUD) and controls in reward tasks for the four substances. A) ALE peak alteration between SUD and controls. Yellow (SUD > controls); Red (controls > SUD). B) shows the conjunction between the two groups. Figure 5 Conjunction analysis between cognitive-based tasks and reward-based tasks for the four substances. A) ALE peak alteration between the two types of tasks. Red (cognitive tasks > reward tasks); Yellow (reward tasks > cognitive tasks). B) conjunction between the two types of task paradigm Figure 7 Conjunction analysis between individuals with substance use disorder (SUD) and controls in a cognitive task for the four substances. A) ALE peak alteration between SUD and controls. Yellow (SUD > controls); Red (controls > SUD). B) shows the conjunction between the two groups.
Discussion
The present meta-analytic approach employed a whole-brain coordinate-based meta-analysis to determine shared and substance-specific alterations in the most prevalent substance use disorders (alcohol, nicotine, cannabis, and cocaine) as determined in previous fMRI studies. Given that most previous studies could be classified in examining reward-related functions or cognitive/emotional functions, we additionally examined domain-specific alterations to determine whether dysregulations in distinct behavioral domains are neurally mediated by separable brain systems.
In line with most overarching translational addiction models (e.g. neuroimaging studies in addiction, specifically during reward-related processes [14] , [17] .
Together with the orbitofrontal cortex and the ACC the ventral striatum is engaged in evaluating the subjective value of stimuli in the environment [10] and has been associated with impulsive choices and trait impulsivity [140] , [141] . Accordingly, alterations in this region may reflect adaptations in incentive-based learning processes that promote exaggerated salience attributed to the drug as well as deficits in controlling impulsive behavior. The dorsal striatum, on the other hand, has been strongly associated with habit learning and the transition from reward-driven to compulsive behavior in addiction [15] , [16] , [142] and may promote the development of compulsive drug use in the context of progressive loss of behavioral control [143] . Together, these findings emphasize that separable neural systems may mediate specific behavioral dysregulations
and key diagnostic symptoms that characterize substance use disorders.
In line with the different neurobiological profiles of the substances and increasing evidence for substance-specific alterations, the present meta-analysis revealed evidence for differential alterations in the substance-using populations. Alcohol use disorders were characterized by stronger engagement of frontal regions compared to the other three substances examined which may point to differential neurocognitive deficits in substance use disorders with alcohol use disorder being characterized by marked impairments in the domains of cognitive flexibility and attention [24] . For nicotine use disorder stronger alterations in striatal and insular regions, yet comparably fewer alterations in frontal regions were observed. In addition, reduced self-control and the ability to obtain self-regulation are linked with SUDs such as alcohol intake, and other health-threatening behaviors, thus, stronger self-regulation moderates the usage of the substance [144] , [145] . Alcohol, for instance, has been shown in studies to have a stronger effect in terms of self-regulation [146] which is the primary indicator of prefrontal processes. These findings may underscore the high addictive potential of tobacco, with rather moderate cognitive impairments in tobacco users [30] as well as an important role of the insula in nicotine addiction [147] . Given the high prevalence of nicotine addiction across populations with substance use disorders [148] these findings furthermore stress the importance to control for tobacco use in neuroimaging studies on addiction.
Moreover, overlapping alterations across the addictive substances in the dorsal striatum and the superior frontal gyrus were observed, suggesting that the recruitment of reward-based processes including anticipation, learning, cognitive control, and decision-making paths in contrast to the ventral striatum indicated in the reward and anticipation theories of addiction [149] , [150] .
Cannabis use was associated with greater alterations in the frontal region comparative to cocaine, suggesting that intoxication and decision making may be dominant in cannabis compared to cocaine use which may be predominately driven by dysregulated reward anticipation. Long term cannabis use has been associated with dysfunctional frontal processes related to cognition such as response time to decision cues and verbal memory [151] , [152] while cocaine use has been repeatedly associated with marked dysregulations in motivation and executive functioning [153] - [155] . Moreover, alcohol and nicotine abuse shared common cortical regions and generally showed similar alterations to the other drugs, which may reflect the high rates of co-abuse of nicotine and alcohol in many drug abusers [156] , [157] . However, alcohol use was additionally characterized by greater alterations across limbic areas including the ACC suggesting stronger dysregulations in salience processing, reinforcement learning and decision making in contrast to nicotine which may predominately disrupt striatal reward-related processes. Furthermore, as mentioned in the method of the analysis, we hypothesis that nicotine is a co-abused substance in all the psychoactive substances used [156] , and nicotine would share common functional properties with the other substances. Remarkably, our results were consistent with the hypothesis but we additionally observed nicotine-specific alterations in the thalamus that were not observed in the main meta-analysis encompassing all drug classes. The thalamus exhibits particularly high expressions of nicotine-sensitive receptors in the brain, which may partly contribute to the nicotine-specific alterations observed in this region [158] , [159] . This nicotine-specific finding may reflect that in addition to striatal reward-related dysregulations nicotine use induced neuroadaptations in the thalamic circuit play an important role and may promote response inhibition impairments observed in both, animal and human models of nicotine addiction [160] .
The thalamus may, therefore, specifically contribute to nicotine abuse.
Although this meta-analysis revealed task-specific alterations between the various groups of studies, we could not conduct substance-specific sub-analyses comparing the different tasks within each substance group. This was due to the limited number of substance-specific studies. The within-group task-based analysis would have thrown more light on the substance-specific alteration for the individual substance use disorder studies. Furthermore, the reproducibility of common models for substance abuse in this meta-analysis may be also related to selection and publication bias of studies.
Conclusion
Summarizing, our analysis revealed consistent results with convergent evidence from animal and human studies demonstrating that addiction is characterized in neural systems subserving salience/reward processes, habit learning and executive control, including decision making and response inhibition, specifically the dorsal striatum and the prefrontal cortex. On the other hand, the present meta-analytic approach allowed us to determine substance-specific alterations in frontal, limbic as well as insular regions, pointing to specific pathological alterations in addition to shared pathological pathways.
